ABSTRACT UNGER, LEON (University of Illinois, Urbana), AND R. D. DEMOSS. Metabolism of a proline analogue, L-thiazolidine-4-carboxylic acid, by Escherichia coli. J. Bacteriol. 91:1564Bacteriol. 91: -1569Bacteriol. 91: . 1966.-Resting cells of Escherichia coli K-12, pregrown in a proline-and thioproline-free medium, oxidize the proline analogue, L-thiazolidine-4-carboxylic acid (L-thioproline), without a lag with the consumption of 1 atom of oxygen per mole of thioproline. The organism also oxidizes cysteine and formaldehyde, the chemical precursors of thioproline. The total oxygen consumed is the same whether the substrate is thioproline, cysteine, formaldehyde, or an equimolar mixture of cysteine and formaldehyde. The results suggest that neither cysteine nor formaldehyde are free intermediates in the oxidative pathway. Thioproline is available as a metabolic carbon source for the synthesis of the ribonucleic acid bases, guanine and uracil.
Enzymatic oxidation of L-thiazolidine-4-carboxylic acid (L-thioproline) by mammalian preparations has been demonstrated in a number of laboratories. Oxidation by purified rat liver mitochondria proceeds without an induction lag with the consumption of 1 atom of oxygen per mole of thioproline and the formation of N-formylcysteine as a major end product (2, 10). The total oxygen uptake is identical whether the substrate is thioproline, cysteine, or equimolar amounts of cysteine and formaldehyde. Additionally, thioproline serves as a substrate for a purified prolineoxidizing system (8) and a proline-degrading D-amino acid oxidase (18) prepared from mammalian sources.
It has been reported (17) that thioproline is a specific analogue of proline which inhibits the growth of Escherichia coli by mimicking proline in certain of its essential metabolic functions. In the course of these studies, several observations were consistent with the view that thioproline is a metabolically labile compound.
The purpose of the present study was to elucidate the metabolic fate of thioproline in E. coli K-12. The results indicate that thioproline serves as a substrate for an active oxidizing system and is available as a carbon source for the synthesis of ribonucleic acid bases.
MATERIALS AND METHODS
Organism. E. coli strain K-12 was used in these experiments. Growth at 37 C on a rotary shaker was measured turbidimetrically in an Evelyn colorimeter at 490 m,p and was related to dry weight by a previously prepared standard curve.
Oxidation of L-thiazolidine4-carboxylic acid (thioproline) by resting cells of E. coli. To obtain resting cells for studying the ability of E. coli to oxidize thioproline, cultures were grown aerobically on Friedlein's medium (5) containing 1% sodium lactate (Fisher Scientific Co., Pittsburgh, Pa.). The cells were harvested after 14 to 16 hr of growth and were washed twice with 0.85% NaCl. The washed culture was resuspended in a volume of saline such that 0.3 ml of the cell suspension would have an absorbancy (A) of approximately 0.43 when diluted in a total of 10 ml of Friedlein's medium.
The conventional Warburg technique (16) was used to measure oxygen consumption. The center well contained 4% lead acetate in 20% KOH to absorb H2S and CO2, respectively. Substrates were added to the main compartment, and cells were placed in the side arm and tipped into the main cup at zero time. Incubation was at 30 C in an air atmosphere. (7) .
Localization of thioproline-C14 in purified sRNA. The following samples were treated with 0.5 ml of 1 N HCI at 100 C for 1 hr in sealed tubes according to the method of Smith and Markham (15) . This hydrolysis procedure yields the free purine bases and the pyrimi- (15) . The bases were located by screening with UV light in a dark room. The position of thioproline-2-C14 was determined by scanning with a NuclearChicago model C lOOB strip counter. The spots corresponding to the purine bases, the pyrimidine nucleotides, and thioproline were cut out and measured for radioactivity.
Analytical methods. Cells were fractionated by the procedure of Roberts et al. (13) . Radioactivity was determined in a Packard Tri-Carb liquid scintillation spectrometer in solutions of organic phosphors in toluene.
Protein was determined according to the method of Lowry et al. (9) . RNA was measured by the orcinol procedure (1) or by absorption at 260 mjy in a Zeiss spectrophotometer.
Thioproline was assayed quantitatively with the chromotropic acid (Eastman, 1, 8-dihydroxy-naphthalene-3, 6-disulfonate) reagent as described by Frisell, Meech, and Mackenzie (6) .
Chemicals. L-Thiazolidine-4-carboxylic acid (Lthioproline) was synthesized according to the procedure of Ratner and Clarke (12) and Schubert (14) , as modified by Mackenzie and Harris (10) .
Radioactive compounds. L-Thiazolidine-2-C14-4-carboxylic acid (L-thioproline-2-C'4) was synthesized from formaldehyde-C'4 (Research Specialties Co., Richmond, Calif.) and L-cysteine (Mann Research Laboratories, Inc., New York, N. Y.) by the method indicated above, and was recrystallized to constant specific activity.
RESULTS
Oxidation of thioproline by resting cells of E. coli K-12. Since a structurally related, metabolic derivative of thioproline appears to be responsible for inhibiting the growth of E. coli (17) , and in view of reports that the analogue is oxidized by rat liver preparations (2, 10), it was of interest to establish and examine the ability of E. coli to oxidize thioproline.
As shown in Fig. 1 , oxidation of thioproline by E. coli K-12 proceeds immediately, whereas that of cysteine begins only after a lag of approximately 25 min. Formaldehyde is oxidized after a very slight delay. Although thioproline and cysteine (and an equimolar mixture of cysteine and formaldehyde) are oxidized at approximately the same rates, formaldehyde is degraded at an appreciably greater velocity. However, the total oxygen consumption is the same with each of the substrates, provided appropriate corrections are applied for endogenous oxygen uptake, and for auto-oxidation, in the cases of cysteine and formaldehyde. Table 1 radioactivity in the hot trichloroacetic acidsoluble fraction. Table 2 shows that when protein synthesis is inhibited by chloramphenicol, all of the cold trichloroacetic acid-insoluble thioproline-C14 incorporated in 1 hr, either in the presence or absence of proline, is extractable with hot trichloroacetic acid. Similar results were obtained when the cultures were incubated for 9 hr. Since the free amino acid pool was previously removed with cold trichloroacetic acid, it is concluded that measurements of cold trichloroacetic acid-insoluble radioactivities from chloramphenicoltreated cells primarily reflect thioproline-C" Utilization of thioproline as a source of carbon for the synthesis of sRNA bases. Only a small fraction of the extensive analogue radioactivity incorporated into nucleic acids can be reasonably associated with sRNA-bound thioproline molecules (Table 2 ). Since thioproline is oxidized by E. coli, it became of interest to examine the availability of thioproline carbon for the synthesis of purine and pyrimidine bases. sRNA, with a specific radioactivity of 2.80 x 104 counts per min per mg was isolated and purified from chloramphenicol-treated cells incubated in the presence of thioproline-2-C'4. Since all of the radioactivity associated with the purified product is rendered acid-soluble by treatment with ribonuclease (Worthington Biochemical Co., Freehold, N.J.), it is concluded that the sRNA preparation is free from significant contamination with radioactive DNA and protein.
A sample of the purified C"4-sRNA (I), together with appropriate parallel controls (II, III, IV, V), was treated and analyzed as described in Materials and Methods. The data are sur in Table 3 . Although the results for th samples IV and V have been omitted table for the sake of clarity in the pre and discussion of the findings, it should that the chromatographic patterns of th lyzed C14-RNA from E. coli were ide those of a mixture of the authentic nu (II, IV) and to hydrolyzed yeast RNA (V). The significant findings of these experiments are as follows.
(i) Four major components, corresponding in RF values to guanine, adenine, cytidylic acid, and uridylic acid, were detected in the C'4-sRNA hydrolysate (I) subjected to one-dimensional chromatography in the t-butanol-HCl solvent system.
(ii) The sum of the radioactivities recovered in these four bases represents approximately 94% of the original radioactivity of the sRNA sample prior to hydrolysis and chromatography (I). It is concluded that the methods employed allow essentially quantitative recovery of the major components of the purified sRNA.
(iii) Thioproline is stable under the conditions of hydrolysis and chromatography as evidenced by the retention of 94 to 95% of the original thioproline radioactivity in a single spot (III) with the same RF (0.56 to 0.58) as that of the analogue not treated with 1 N HC1. After-(v) The radioactivity of the sRNA component and incu-with an RF corresponding to cytidylic acid-thioin. There-proline is negligible (I). This observation indicates concentra-the absence of thioproline molecules in the prepas/min per ration of sRNA purified under the conditions described above. Moreover, thioproline carbon is not appreciably incorporated into cytidylic acid. nmarized (vi) Uridylic acid and guanine are the only e control sRNA constituents detected which are signififrom the cantly labeled (I); together they represent 98.5% sentation of the total radioactivity recovered. The conbe noted clusion that the radioactivity of uridylic acid reie hydro-sides in the base moiety, rather than in the ribontical to tide residue, would appear to be a reasonable exlcleotides tension of the finding that cytidylic acid is not labeled. If the radioactivity were harbored in the ribotide portion of uridylic acid, then it could be expected that cytidylic acid also would have been extensively labeled. It is concluded that thioproline carbon 2 is available for the synthesis of uracil and guanine. The experiments do not provide information as to whether other thioproline carbons are incorporated into sRNA bases. DIscussIoN
Resting cells of E. coli K-12, pregrown in a proline-free medium, possess an active thioproline oxidizing system (Fig. 1) . The consumption of 1 atom of oxygen per mole of substrate ( Table  1 ) strongly suggests that thiazolidine-4-carboxylic acid (thioproline) is dehydrogenated to form 2,3-thiazoline-4-carboxylic acid. Although product formation was not determined, this desaturated intermediate would be expected to undergo hydrolytic cleavage at the double bond followed by opening of the ring to yield N-formylcysteine.
If it is presumed that desaturation to the thiazoline ring is the first step in the enzymatic oxidation of thioproline, it must be considered unlikely that the oxidative pathway in E. coli involves either free cysteine or formaldehyde as an intermediate. If such were the case, the predicted oxygen consumption per mole of thioproline would be two to three times greater than that observed with its individual chemical precursors. The data are not in accord with this prediction in that the total oxygen consumption is the same whether the substrate is thioproline, cysteine, formaldehyde, or an equimolar mixture of cysteine and formaldehyde.
Moreover, whereas further metabolism of N- formylcysteine cannot be ruled out, thioproline does not appear to be converted to products more oxidized than this compound.
Thioproline has been shown to be oxidized to N-formylcysteine via this postulated pathway by rat-liver preparations (2, 10) . E. coli differs from the mammalian system (10) and is similar to Aerobacter aerogenes and Pseudomonas aeruginosa (11) in its ability to oxidize exogenously supplied formaldehyde.
Of interest to this discussion is the careful demonstration by Frank and Rybicki (3) of a proline-oxidizing system in E. coli B which is inducible by proline in the wild-type strain. The thioproline-oxidizing activity of E. coli K-12 reported in the present work appears to differ from this proline-degrading system in that it does not have the characteristics of an inducible enzyme, since it is demonstrable in resting cells pregrown in a proline-and thioproline-free medium.
The utilization of thioproline carbon 2 for the synthesis of guanine and uracil is in apparent discord with its negligible incorporation into adenine and cytosine. An explanation for these observations is elusive and would have to be consistent with the following empirical and theoretical considerations.
(i) Rapid initial incorpoiation of thioproline-2-C14 into nucleic acids proceeds linearly without a lag in the presence of chloramphenicol at a rate of approximately 20 ,u,umoles per hr per jig (dry weight) of cells for 50 to 60 min, followed by a slower phase of uptake (Fig. 2) .
(ii) Incorporation of thioproline carbon 2 into sRNA does not appear to affect the coding for specific amino acids, since the transfer RNA present in analogue-treated cells accepts amino acids essentially as well (with the exception of proline) as nontreated cells (17) . Additionally, it follows that thioproline does not significantly reduce the size of the acceptor RNA pool by inhibiting sRNA synthesis.
(iii) Negligible incorporation of thioproline carbon into adenine and cytosine is consistent with the view that the analogue does not contribute C'4 to the 1-carbon pool of purine and pyrimidine precursors.
Thioproline must be regarded as a metabolically labile analogue of proline which can undergo enzymatic oxidation as well as provide carbon for the synthesis of guanine and uracil in E. coli.
